ABSTRACT Hypertension is more common among people who had low birthweight. Birthweight depends on the mother's body size and on the growth of the placenta. We studied a group of 2003 subjects, of whom 644 were being treated for hypertension. They were born during 1934-44 in a hospital that kept detailed records of maternal and placental size. Hypertension was associated with reduced placental weight and surface area. These associations were strongest in the offspring of mothers with below average height or low socioeconomic status. In people whose mothers had below average height (160 cm) the prevalence of hypertension fell from 38% if the placental area was 200 cm 2 or less to 21% if the area was more than 320 cm 2 (p=0.0007). In the offspring of tall, middle class mothers, who were likely to have been the best nourished, hypertension was predicted by large placental weight in relation to birthweight. The odds ratio rose from 1.0 if the ratio of placental weight to birthweight was 0.17 or less to 1.9 (95% confidence interval 0.8 to 5.0) if the ratio was more than 0.21 (p for trend =0.03). We conclude that the effects of placental area on hypertension depend on the mother's nutritional state. Poor maternal nutrition may compound the adverse effects of small placental size. In better-nourished mothers the placental surface may expand to compensate for fetal undernutrition. Growth along the minor axis of the surface may be more nutritionally sensitive than growth along the major axis.
Introduction
People who had low birthweight, although born at term, are at increased risk of developing hypertension in later life (Barker et al., 1990; Campbell et al., 1996; Eriksson et al., 2000) . The associations between birthweight and later hypertension are graded and extend across the whole normal range. For example, eight pound babies are at lower risk than seven pound babies. These associations are thought to reflect fetal programming, the process through which fetal malnutrition and consequent small body size at birth leads to lifelong changes in the body's organs and systems in ways that lead to disease in later life. Fetal growth depends upon nutrition which is determined by the mother's nutritional stores and metabolism and by the placenta's ability to transport nutrients from mother to fetus (Harding 2001) .
The information which links the placenta directly to disease in adult life is based on placental weight which is routinely measured at birth in many hospitals. The weight of the placenta at birth is correlated with the weight of the baby and, like birthweight, placental weight increases with gestation. Placental weight does not describe thickness or surface area. In order to increase the surface for nutrient and oxygen exchange the placenta can increase the surface area of villi, or invade the maternal spiral arteries more deeply, or expand its invasion across the surface of the uterine lining. The long-term consequences may be different. It is possible to estimate placental surface area and examine its long-term consequences in the Helsinki Birth Cohort, which comprises 13,345 people born in the city during 1934 -44 (Barker et al., 2005 . The birth records of each subject include not only placental weight but also two measures of the diameter of the placental surface, a maximal diameter and a lesser diameter bisecting it at right angles. In those days it was recognized that the placental surface was more oval than circular and two diameters were therefore routinely recorded. These two diameters enable the surface area of the placenta to be estimated and we present analyses of its relationship with hypertension in the offspring sixty years later.
Placental weight has been found to be associated with the later risk of hypertension (Barker et al., 1990; Campbell et al., 1996; Eriksson et al., 2000) . Associations with low placental weight (Campbell et al., 1996; Eriksson et al., 2000) and with high placental weight in relation to birthweight have been reported (Barker et al., 1990; Eriksson et al., 2000) . Other studies have found no associations (Whincup et al., 1995) . Similarly placental weight has inconsistent associations with blood pressure levels in children. There are reported associations between increased levels with low placental weight, and with high placental weight in relation to birthweight (Moore et al., 1996; Taylor et al., 1997) . These different associations could reflect different placental responses to fetal undernutrition occurring at different stages of gestation. If ewes are undernourished in mid-pregnancy, the placenta may enlarge its surface area to extract more nutrients from the mother (McCrabb et al., 1991; McCrabb et al., 1992) . This only occurs, however, in ewes that were well nourished at the time of conception. The long-term effects of placental size on hypertension therefore need to be examined within subgroups defined by maternal nutrition before and during pregnancy.
Fetal nutrition depends on the mother's nutrient stores and metabolism as well as on her daily intake of food. In the Helsinki birth cohort, mother's height was recorded; this serves as a marker of her lifetime nutrition. There were also food shortages before and during the Second World War, the time when our subjects were born (Pesonen et al., 2007) . These may have been more severe in families of low socio-economic status, and we used the family's socio-economic status as a marker of mother's food intake during pregnancy. We present analyses of the relationship between placental surface area and later hypertension within subgroups defined by the mother's height and socioeconomic status.
Results

Placental area and thickness
The mean age of the 2003 subjects examined at the clinic (928 men and 1075 women) was 62 years (range 57 to 70 years). 644 subjects, 310 men and 334 women, were already diagnosed as having hypertension, giving a prevalence of 33 percent in men and 31 percent in women. Placental weight was recorded for all except two of the subjects and the placental diameters for all except eight subjects. The mean maximal diameter was 2.4 cms greater than the mean lesser diameter. Table 1 compares the mean birthweights, ponderal indices (birth weight / length 3 ) and placental measurements of people with hypertension with those for the other subjects. Hypertension was associated with reductions in birthweight, ponderal index, placental weight, area and the two diameters. We calculated odds ratios for hypertension according to placental size. Table 2 shows that the odds ratios increased as placental weight, area and the two diameters decreased. These trends were little changed by adjustment for the length of gestation.
Mother's height and socio-economic status We examined interactions between the effects of placental size and our two markers of maternal nutrition, mother's height and socio-economic status. We divided the subjects into two groups around the median mother's height (160 cm), as in previous analyses (Forsen et al., 1997) . Table 3 shows that the trends in the prevalence of hypertension with placental size were confined to people whose mothers were 160cm or less in height. Figure 1 illustrates this, showing that while in people with short mothers the prevalence fell progressively with increasing placental area, in people with tall mothers the association was U-shaped. There was a significant interaction between the effects of mother's height and both area and the lesser placental diameter but there was no similar interaction with the maximal diameter, although the values of the two diameters were highly correlated (correlation coefficient=0.63). We divided mother's height into five equal groups, -155, -158, -161, -164, >164cm. The trends in hypertension with placental area and lesser diameter were present up to 161cm and absent at greater heights. Hypertension was not associated with mothers' age or parity.
We divided the subjects into three groups according to the mother's socio-economic status, upper-middle class, lower middle class and lower class. Lower placental weight, area, lesser diameter and maximal diameter were only related to hypertension in people born into the families of manual workers (p for trend <0.0001, 0.003, 0.002 and 0.02). There were significant interactions between the effects of mother's socio-economic status and placental weight (p for interaction =0.05), placental area (p=0.04) and the lesser diameter (p=0.008), but not with the maximal diameter (p=0.3). Table 4 shows the trends in prevalence of hypertension with the lesser diameter. In addition to the increase in prevalence with a shorter lesser diameter, seen in people born into lower class families, there was an opposing trend in people born into upper middle class families.
We combined the two middle class groups and examined the trends in hypertension among people born to tall or short mothers, using the median height, and people born into middle or lower class families. Table 5 shows that, among people born to short mothers, odds ratios for hypertension fell with increasing placental weight in both social class groups. There was a similar trend in people born to tall mothers in lower social class families, but there was no trend among people born to tall mothers in middle class families. In this latter group, however, odds ratios for hypertension rose as the placental to birth weight ratio increased (Table 5 ). In a simultaneous regression odds ratios rose with increasing placental weight (p=0.04) but fell with increasing birthweight (p=0.003). In a similar simultaneous regression, odds ratios rose with an increase in the lesser diameter (p=0.04), but fell with increasing birthweight (p=0.07). There was no corresponding trend with the maximal diameter (p=0.3) and the trend with placental area was of borderline statistical significance (p=0.09). We examined the effects of body size at birth in people born to tall, middle class mothers. Hypertension was associated with high birthweight (p=0.03) and high body mass index (p=0.02). It was not associated with any other measurements of body size.
Discussion
This study adds to the body of evidence suggesting that hypertension is initiated by fetal malnutrition and the placental responses that accompany it. The study shows for the first time that the effects of placental size on hypertension depend on the mother's body size and socioeconomic status, two markers of her nutritional state. We found that hypertension was associated with both reduced placental weight and with increased placental weight in relation to birthweight. Both of these associations have been found before (Barker et al., 1990; Campbell et al., 1996; Eriksson et al., 2000) . The association with low placental weight was accompanied by reduced placental area but not reduced thickness. This association with low surface area has not been previously described. The area of the placenta reflects its spread across the inner wall of the uterus, while its thickness represents the volume of endocrine and nutrient exchange tissue. It is not known how closely the surface area of the placenta, measured by two diameters, reflects the total surface area of the trophoblast. We found that, in the offspring of mothers who were tall and middle class, and therefore likely to have been the best nourished, hypertension was predicted by large placental weight in relation to birthweight. This association has been found before (Barker et al., 1990; Eriksson et al., 2000) , but it has not previously been linked to the mother's height and socio-economic status. In humans placental size is known to respond to maternal influences. Maternal anaemia and high maternal body mass index are associated with a high ratio of placental weight to birth weight (Godfrey et al., 1991) . Maternal smoking reduces placental weight but increases the ratio of placental weight to birth weight (Godfrey et al., 1991) . The mechanisms that mediate these responses, which show the plasticity of the placenta, are largely unknown, and the effects of these responses on placental area and thickness have not been documented (Jansson and Powell 2007). The plasticity of placental size may explain why some studies have failed to show any association between placental size and later increased blood pressure or clinical hypertension. In our study there was no overall effect of placental size on hypertension within the offspring of tall mothers (Table 3) . When, however, these offspring were subdivided by the family's socio-economic status opposing trends were revealed (Table 5 ). In lower social class families the prevalence of hypertension increased as placental weight fell. In middle class families, hypertension increased as the ratio of placental weight to birthweight increased. The different trends in these two groups oppose each other sufficiently that when they are combined, there is no trend in hypertension with placental weight (Table 3) .
Small placental area
The association between hypertension and small placental size (Tables 1, 2) suggests that the disorder can be initiated through restricted placental growth in the weeks after implantation, resulting in a reduced placental area that limits transfer of nutrients to the baby. The strong effects of reduction in placental size in people born to short mothers suggest a link with the lifetime nutrition of the mother. Short maternal stature is a product of poor fetal or childhood nutrition, or recurrent exposure to infections, though there are also genetic influences (Tanner 1989) . We speculate that some aspect of poor nutrition among girls prejudices their ability to nourish their babies when they later become pregnant, and exacerbates the effects of restricted placental growth. These effects may be further exacerbated by poor maternal nutrition during pregnancy. There were food shortages in Helsinki before and during the Second World War, the time when our subjects were born (Pesonen et al., 2007) . These may have been more severe in families of low socio-economic status, and we found that the effects of small placental size were stronger in people born into lower class families (Table 4) .
Large placental area
In contrast to these associations with small placental size, high values for placental weight, and a large lesser diameter, were related to hypertension in people whose mothers were tall and middle class. In these people hypertension was associated with large placental size in relation to birthweight. This association suggests that hypertension can be initiated through placental overgrowth as well as through impaired placentation. Observations in sheep show that in response to undernutrition a fetus is able to extend the area of the placenta by expanding the individual cotyledons (McCrabb et al., 1991; McCrabb et al., 1992) . This increases the area available for nutrient and oxygen exchange and paradoxically leads to large body size at birth. This response to undernutrition only occurs in ewes that were well nourished before conception (McCrabb et al., 1992) . In our study, tall mothers in middle class families are likely to have been the best nourished both in childhood and in early adult life. During preg- 
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*adjusted for age, sex and adult waist circumference nancy, however, they would have been subject to the food scarcities around the time of the Second World War. We speculate that their fetuses responded to this by expansion of the placental surface. The ability to expand its surface area may be part of the human placenta's responses to malnutrition that only operates in mothers who were well nourished before conception. This has never been investigated. Among the offspring of tall, middle class mothers hypertension was associated with high birthweight rather than with low birthweight. This suggests that, as in sheep, placental enlargement in response to fetoplacental malnutrition, leads to increased body size at birth. Studies which include large numbers of tall middle class mothers may fail to demonstrate the well known association between low birthweight and later hypertension
Placental diameters
Textbooks of midwifery written in the period between the two world wars describe the placental surface as either "oval" or "round", although it was recognised that other, deviant shapes occurred (Anderson 1930; Hinselmann 1925) . The average diameter was given as 16 to 20 cms, which corresponds to the diameters in our study. In Helsinki at that time two diameters, one the maximal one and the other bisecting it at right angles, were routinely measured to describe the extent to which the surface was more oval than round. Although the size of the two diameters is highly correlated, and they differ on average by only 2.4 cms, we found that the lesser diameter was more closely associated with the later development of hypertension. While the interaction between mother's height and the effects of placental area (Fig. 1) was reflected in a similar interaction with the lesser placental diameter (Table 3) , there was no interaction between mother's height and the maximal diameter. An interpretation of these findings is that the growth of the lesser diameter is more nutritionally sensitive than the growth of the maximal diameter.
Body size and nephron number
In our study people who had hypertension had low birthweight and were thin, two markers of fetal undernutrition. In both experimental animals and in humans undernourished fetuses restrict renal growth (Barker et al., 2006; Brenner and Chertow 1993; Keller et al., 2003) . Kidney development may have a low priority during intrauterine development because the mother's kidney functions for both mother and baby. In humans there is a critical period of nephrogenesis around 34 weeks and after birth no further nephrons develop (Barker et al., 2006) . Low birthweight is known to be associated with reduced nephron number. Reduced nephron number may lead to glomerular hyper-perfusion, sclerosis and premature nephron death. This has been proposed as one of the mechanisms underlying the early origins of hypertension (Brenner and Chertow 1993) . The placenta could contribute to the reduction in nephron numbers, either because a small placenta limits nutrient transfer or because a large placenta diverts nutrients to itself (Harding 2001) . Differences in placental structure could also contribute to other mechanisms of hypertension, such as impaired vascular structure and endothelial dysfunction (Barker et al., 2006) .
Limitations of the study
The placental measurements in our study were made during routine obstetric practice 70 years ago. The mean placental weight was above the median recorded in a recent series of deliveries in Europe (Burkhardt et al., 2006) . Routine measurements of the placental diameters ceased in Helsinki in the 1970s. We have discussed the simple procedures that were used with people who worked as midwives at that time. There were no routine checks of the quality of the measurements, just as there are no routine checks of the quality of blood pressure and other measurements made in current clinical practice. Measurement errors would tend to diminish the associations between the placental diameters and hypertension in later life. Our study was restricted to people who had visited child welfare clinics. Although the majority of children visited these clinics, which were free, the visits were voluntary. The people in our study may not be representative of all people now living in Helsinki, although at birth their social class distribution was similar to that in the city as a whole.
Conclusion
We found that hypertension was associated with reduced placental weight and area but not with reduced thickness. We showed for the first time that the effects of placental size on hypertension depend on the mother's height and socio-economic status. We found that, in the offspring of mothers who were short or of low socio-economic status, hypertension was associated with low placental weight and area. In the offspring of mothers who were likely to have been the best nourished, being tall and middle class, hypertension was predicted by large placental size in relation to birthweight.
Materials and Methods
The cohort comprised men and women who were born between 1934 and 1944 in the University Central Hospital and who visited infant welfare clinics in the city. Details of the birth records, child welfare clinic records and school health records have been previously described (Barker et al., 2005) . The birth records included the mother's height, age and parity. The records also included the weight of the placenta, together with the maximal diameter of the surface and a lesser diameter bisecting it at right angles. The measurements were made because it was recognised that the placental surface is more oval than circular and the two diameters were used to describe this. Assuming an elliptical surface, we estimated the surface area of the placenta as maximal x lesser diameter x π/4. Assuming a constant density we estimated the thickness of the placenta as weight divided by area.
We identified 8760 men and women, born as singletons, who were living in Finland in 1971, when a unique identification number was allocated to each member of the Finnish population. We used random number tables to select a sample of people within the cohort who were still alive and living in Finland. In order to achieve a sample size in excess of 2000 people we selected 2902 subjects and invited them to a clinic. 2003 visited the clinic, which was held at the National Public Health Institute in Helsinki. The procedures used at the clinic have been described (Barker et al., 2005) . 644 of the men and women had been previously diagnosed as having hypertension and had been prescribed medication . The birth records included data on the father's occupation, grouped into upper and lower middle class and manual workers, based on a classification from Statistics Finland. We used the father's occupation to define the mother's social class. Written informed consent was obtained from each subject before any procedures were carried out. The Ethics Committee at the National Public Health Institute, Finland approved the study.
Statistical Methods
We assessed associations with the prevalence of diagnosed hypertension using multiple logistic regression, always adjusted for age, sex and waist circumference as in our previous analyses. We only used models in which a single placental parameter is entered at a time. The prevalence of hypertension increased with age and was higher in men. Placental size differed in boys and girls. The measurements of placental and maternal size were analysed as continuous variables although presented in the tables as groups. Tests for interaction used the product of the variables being studied.
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